To investigate the role played by glucagon in the regulation of plasma potassium, we have examined the behaviour of this ion during four 2 h infusions of saline, glucagon (200ng/min), cyclic somatostatin (priming dose of 50 btg followed by 5.8 btg/min) and somatostatin plus glucagon in 6 normal volunteers. Glucagon alone produced no change in potassium, despite an increase in insulin. Somatostatin, in addition to depressing insulin, produced a slight but significant (p < 0.01) increase in potassium (A max: 0.2-0.8 mmol/l: mean _+ SEM, 0.4 + 0.1). Infusion of somatostatin together with glucagon suppressed the glucagon-induced increase in insulin and greatly augmented the increase in blood glucose. Potassium rose significantly more (p < 0.02) than after somatostatin alone (A max: 0.5-1.3 mmol/1; mean 0.9 _+ 0.1), indicating that hyperkalaemia results from hyperglucagonaemia in the absence of insulin. Evidence is presented that this last phenomenon is not mediated by hyperglycaemia or by a reduction in aldosterone secretion. It is suggested that low blood insulin and increased glucagon could be one of the mechanisms that underlie or magnify the hyperkalaemia observed in cases of serious stress or decompensated diabetes.
Summary.
To investigate the role played by glucagon in the regulation of plasma potassium, we have examined the behaviour of this ion during four 2 h infusions of saline, glucagon (200ng/min), cyclic somatostatin (priming dose of 50 btg followed by 5.8 btg/min) and somatostatin plus glucagon in 6 normal volunteers. Glucagon alone produced no change in potassium, despite an increase in insulin. Somatostatin, in addition to depressing insulin, produced a slight but significant (p < 0.01) increase in potassium (A max: 0.2-0.8 mmol/l: mean _+ SEM, 0.4 + 0.1). Infusion of somatostatin together with glucagon suppressed the glucagon-induced increase in insulin and greatly augmented the increase in blood glucose. Potassium rose significantly more (p < 0.02) than after somatostatin alone (A max: 0.5-1.3 mmol/1; mean 0.9 _+ 0.1), indicating that hyperkalaemia results from hyperglucagonaemia in the absence of insulin. Evidence is presented that this last phenomenon is not mediated by hyperglycaemia or by a reduction in aldosterone secretion. It is suggested that low blood insulin and increased glucagon could be one of the mechanisms that underlie or magnify the hyperkalaemia observed in cases of serious stress or decompensated diabetes.
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It is now accepted that insulin is one of the hormones responsible for regulating the level of plasma potassium; potassium values fall and rise, in response to an increase [1] [2] and a decrease [3] in blood insulin.
Little is known, however, about the role of glucagon in the homeostasis of potassium, insofar as it has been difficult to discriminate, in vivo, between direct effects of glucagon and changes mediated by the increased insulin secretion that accompanies glucagon administration. The availability of somatostatin, a potent inhibitor of insulin and glucagon secretion 0012-186X/80/0019/0414/$01.00 [4] [5] , offers the opportunity to dissect the respective role of the two hormones on potassium homeostasis.
We have studied the effect of an infusion of glucagon plus somatostatin on plasma potassium in normal subjects and compared the results to those observed in the same subjects during infusion of glucagon alone, somatostatin alone and saline alone. The possible contributions of other factors, such as hyperglycaemia and plasma aldosterone were also evaluated.
Materials and Methods
Four male and five female normal volunteers aged 24-30 years were studied following an overnight fast. All but one were within 10% of ideal body weight (mean 64 kg, range 46-80 kg). One subject was slightly obese (90.5 kg, +27%).
None of the subjects were taking any drugs at the time of study.
Informed consent was obtained from all subjects. A 19 gauge butterfly needle was inserted in a vein in each arm, one for the infusion of drugs, the other for blood withdrawal. The IV lines were kept patent by a very slow infusion of 0.154 mol/1 saline. Subjects rested on a bed and testing was not initiated until 30 rain after insertion of IV needles. All test materials were administered by means of peristaltic pump. On successive days, and in random order, six subjects (4 males and 2 females) received four 2 h infusions of: a) saline (0.154 tool/l) (1 ml/min) b) cyclic somatostatin (Serono, Rome) diluted in 0.154 mol/1 saline; priming dose of 50 lxg, followed by 5.8 ~g/min. c) glucagon diluted in 0.154 mol/1 saline (200 ng/min) d) somatostatin + glucagon in saline, To ascertain the role of hyperglycaemia per se on plasma potassium changes, five of the subjects also underwent a fifth test, in which 1 ml/min of a 40 g/100 ml glucose solution was infused with somatostatin as in (b). The contribution of insulinopaenia to the effects of glucagon and somatostatin on plasma potassium was assessed by replacing insulin (20 mU/min Actrapid, Novo) during the glucagon + somatostatin infusion in two subjects. In all these experiments blood was withdrawn without stasis for the determination of plasma glucose, insulin, and potassium at -30, -15, 0 (start of infusion), +30, +45, +60, +75, +90, +105 and + 120 min.
To evaluate the behaviour of plasma aldosterone (PA) and renin activity (PRA) during the experimental procedures, three additional male subjects were studied with protocol c) and d).
Blood was obtained at-30, 0, +30, +60, +90 and +120 min. Blood for the determination of insulin and glucose (4 ml with 0.05 ml of saturated EDTA solution), glucagon (4 ml with EDTA and aprotinin 500 KIE/ml), potassium, renin and aldosterone (6-7 ml with a drop of heparin) were collected in refrigerated tubes and immediately centrifuged to separate the plasma.
Plasma glucose was measured by the glucose oxidase method employing a Beckman analyzer, potassium by flame photometry with lithium as the internal standard (flame photometer, I. L. Mod 343), insulin, aldosterone, renin (Kits: CEA IRE SORIN, Saluggia, Italy) [6, 7, 8] and pancreatic glucagon (antibody R 78, Glucagon-Peg Kit, Biodata) by a single antibody radioimmunoassay. The intra and interassay coefficients of variation were: potassium 0.5% and 4%, glucagon 9% and 16%, insulin 4% and 8%, aldosterone 8% and 12%, renin 8% and 18%.
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Statistical analysis was carried out by the paired Student t-test. The results are presented as mean ,+ SEM.
Results
No significant changes in blood glucose, insulin, and potassium were noted during the control infusion with saline ( Figs. 1 and 2 , Table 1 ). Infusion of glucagon alone led to a slight, but significant increase in glucose and insulin (Fig. 1) . In spite of the increase in insulin plasma potassium did not decrease (Fig. 2) . Somatostatin alone caused a small significant decrease in glucose (nadir at 60-75 min) followed by a return to baseline, and a rapid fall in insulin to values significantly lower than baseline which were mantained throughout the infusion (Fig. 1) . Potassium values progressively rose to a plateau at 75-120min (Table 1, Fig. 2 ). This increase was statistically significant from +45 min onwards and the maximum increase of 0.4 + 0.1mmol/1 was highly significant (p < 0.01).
The administration of glucagon together with somatostatin magnified the rise in plasma potassium (Table 1, Fig. 2 ). The maximum increment of 0.9 _+ 0.1 mmol/1 was significantly higher (p < 0.02) than that induced by somatostatin alone. Plasma glucose progressively rose from 94 _+ 5 to 212 _+ 9 mg/dl at the end of the combined glucagon and somatostatin infusion. As shown in Table 2 the infusions with glucagon induced an increase in plasma levels of this hormone in the high physiological range. To determine a possible role of hyperglycaemia distinct from the glucagon effect somatostatin was infused together with glucose to obtain a rise in blood glucose comparable to the one observed in the glucagon + somatostatin test. It can be seen in Figure 3 , that the increase in plasma glucose and the fall in insulin were comparable with those noted in the somatostatin + glucagon studies, whereas the rise in potassium was significantly lower than that induced by glucagon, and similar to that brought about by somatostatin alone.
In two subjects the somatostatin + glucagon test was repeated with the addition of 20 mU/min of insulin. The increases in plasma potassium and glucose induced by the combination of glucagon and somatostatin, were markedly reduced by the addition of this replacement dose of insulin. This dose induced an increase of plasma insulin (about + 150%, with peaks of 10 and 12 mU/1) similar to that observed after glucagon alone. Table 2 illustrates the behaviour of plasma glucagon, renin and aldosterone in 3 subjects during the infusions with glucagon and glucagon plus somatostatin. Plasma glucagon reached levels that were not significantly different in the two tests. Renin and aldosterone did not change significantly in either experiment. 
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Somatost. Fig. 3 . Plasma potassium, glucose and insulin during infusion with somatostatin, somatostatin plus glucagon and somatostatin plus glucose solution in 5 subjects. * p < 0.05 between glucagon plus somatostatin and somatostatin with or without glucose
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Discussion
The present data agree with those of De Fronzo et al. [3] in demonstrating that administration of somatostatin induces a slight but significant rise in plasma potassium. In addition, this study provides evidence that physiological levels of glucagon magnify the effects of insulin deficiency on plasma potassium con- centration since replacement of glucagon during somatostatin infusion resulted in a significantly higher potassium rise than that observed during combined deficiency of both hormones. The increment in plasma potassium observed during administration of somatostatin is most likely mediated by the acute suppression of insulin secretion since it could be abolished by replacement of basal insulin levels and was not observed in insulin deficient diabetic patients [3] . Furthermore the administration of somatostatin has been shown to mimic the effects of pancreatectomy in impairing the removal of an exogenous load of potassium from extracellular fluid in the dog [3, 9] . These data can be taken to indicate that basal plasma insulin is one of the factors regulating the passage of potassium into cells.
The augmentation in potassium rises seen during glucagon administration cannot be attributed to the concomitant hyperglycaemia [10, 11] . Hyperglycaemia induced by glucose administration in presence of somatostatin resulted in increments in plasma potassium well below those induced by somatostatin plus glucagon. Although it had already been reported [12] that somatostatin, at doses larger than those used in this study, had no suppressive effect on aldosterone secretion it seemed crucial to exclude a role for a decrease in aldosterone levels in the rise in plasma potassium observed during somatostatin and glucagon + somatostatin infusions.
Neither plasma renin activity nor aldosterone levels were significantly affected by the doses of somatostatin and glucagon which induced a significant rise in plasma potassium.
Glucagon has been observed to have an antimineralocorticoid action in both fasting and fed subjects [13, 14] . However, this action is probably only manifested with an increase in urinary sodium excretion, since urinary potassium concentrations in the above studies were not altered by circulating levels of glucagon markedly higher than the ones achieved in our study.
Other authors have even reported a kaliuretic effect of high doses of glucagon [15, 16] although circulating levels of glucagon comparable to ours have been shown to have no effect on renal excretion of potassium [3, 17] . The mechanism by which glucagon exacerbates hyperkalaemia in the insulin deficient state remains undefined. Data obtained from animals experiments [18] and "in vitro" perfusion of rat liver [19, 20] suggest that glucagon might increase the flow of potassium from the liver, at least in part as a result of glycogenolysis [19, 20] . The plasma levels of glucagon that we have found associated with a significant increase in plasma potassium are well within the range described in physiological situations, such as protein meals and fasting [21, 22] , and diseases such as decompensated diabetes [23] , cirrhosis [24] and uraemia [25] . It is conceivable that in the above situations, and in particular when insulin deficiency in also part of the picture, circulating glucagon might represent a contributory factor to the derangement in potassium homeostasis.
